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TERMINALS AND CONNECTIONS 
BETWEEN MULTI-SET SEGMENTED 
HAIRPIN WINDINGS 


CROSS-REFERENCE TO RELATED 
APPLICATIONS 


This application claims the benefit of earlier filed U.S. 
provisional application No. 60/812,860, filed Jun. 12, 2006. 


FIELD 


This application relates to the field of electric machines, 
and more particularly electric machines having multi-set seg- 
mented hairpin or U-shaped windings. 


BACKGROUND 


Multi-set segmented windings are commonly used in mod- 
ern electrical machine applications, such as in hybrid-electric 
vehicles. These windings typically comprise a plurality of 
U-shaped segmented conductors which include two legs and 
a central U-turn portion between the legs. The U-shaped 
conductors are often formed with a rectangular cross-section. 
The U-shaped conductors are positioned in the slots of a core 
portion of the electric machine, such as the stator slots, to 
form armature windings for the machine. These U-shaped 
conductors may also be referred to herein as *U-shaped bars". 
The terms *U-shaped conductor", *U-shaped bar" and 
*U-turn portion" are not intended to refer to a conductor or a 
conductor portion that forms a perfect “U” shape, but instead 
refers to a conductor or a conductor portion where the con- 
ductor changes axial direction by more than 90°, such as by 
about 180?. The term *hairpin” as used herein is not intended 
to be limited to U-shaped conductors, and instead refers gen- 
erally to a distinct conductor segment having two ends, 
whether or not a U-shaped portion is included between the 
two ends. 

With multi-set segmented hairpin windings, the U-shaped 
conductors are created by bending and twisting wire bars into 
U-shaped conductors with two legs and a U-turn between the 
legs. The two legs are separated by a given span which allows 
the conductor to extend across a number of stator slots by 
virtue of the U-turn alone. The legs of the hairpin conductors 
are then inserted into the slots from an insertion end of the 
stator. Following insertion of the hairpins, the bend portions 
are provided on one side of the stator (the "insertion side") 
and the leg ends extend from the other side of the stator (the 
“connection side" or “weld side”). The legs ends are then bent 
to appropriate positions, with a first leg typically bent in one 
direction and another leg bent in the opposite direction such 
that the entire hairpin extends a given slot span (e.g., 12 slots). 
Finally, the proper leg ends are connected together at the 
connection side of the stator to complete the windings. These 
connections include adjacent leg ends that are aligned 
directly and welded together, non-adjacent leg ends that are 
connected through jumper wires, and terminal connections 
that lead to the winding phases. Together, the connected con- 
ductors form the complete armature winding arrangement. 

With the above winding arrangement, the insertion side of 
the stator is typically clean and includes only the U-shaped 
turn portions ofthe conductors. However, the connection side 
is significantly more crowded. First, the leg ends, which are 
already very closely aligned at the connection side, are made 
even more crowded by the welding points between adjacent 
leg ends. In addition, the connection wires, including jumpers 
between windings sets, phase path connections, neutral con- 
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nections, and terminal connections cause additional jam in 
the crowded hairpin welding points. The resulting clearance 
reduction between conductors creates potential short circuits 
during welding and other defects during production. 

In addition to crowding at the connection end of the stator, 
the additional jumpers and terminals require more clearance 
for the electric machine at the connection end. In many appli- 
cations, including hybrid electric vehicle applications, the 
compartment holding the electric machine is already crowded 
and it is difficult to find additional space for the increased 
clearance of the electric machine at the connection end. 

Accordingly, it would be advantageous if a winding 
arrangement could be provided where the overall clearance 
required for the electric machine in an application compart- 
ment is decreased. It would also be desirable to provide a 
multi-set segmented hairpin winding arrangement where the 
crowding at the connection end of the stator is reduced. It 
would be of further advantage if such winding arrangement 
could be provided such that the electric machine may be 
easily manufactured, thus reducing manufacturing costs. It 
would also be advantageous if the winding arrangement 
resulted in decreased incidence of manufacturing errors. 

It would be desirable to provide an electric that provides 
one or more of these or other advantageous features as may be 
apparent to those reviewing this disclosure. However, the 
teachings disclosed herein extend to those embodiments 
which fall within the scope of the appended claims, regardless 
of whether they accomplish one or more of the above-men- 
tioned advantages. 


SUMMARY 


An electric machine is disclosed herein comprising a core 
with a plurality of slots, the core including an insertion side 
and an opposing side. A winding arrangement is provided in 
the plurality of slots of the core. The winding arrangement is 
comprised ofa plurality of differently shaped hairpin conduc- 
tors. Each of the plurality of differently shaped hairpin con- 
ductors includes at least one leg inserted into one of the 
plurality of slots, with a leg end of the at least one leg extend- 
ing from the opposing side of the core. 

The plurality of differently shaped hairpin conductors form 
a first multi-phase winding set and a second multi-phase 
winding set. The first winding set is provided in a first con- 
ductor layer and a second conductor layer in the plurality of 
slots. The second winding set is provided in a third conductor 
layer and a fourth conductor layer in the plurality of slots. 

All the leg ends extending from the opposing side of the 
core are bent the same number of slots and connected to 
immediately adjacent leg ends at the opposing side of the 
core. Thus, all connections between the differently shaped 
hairpin conductors are provided at the opposing side of the 
core. All of the differently shaped hairpin conductors, with 
the exception of hairpin conductors that provide terminal 
connections, include U-turn portions provided at the insertion 
side of the core. No connections between any hairpin conduc- 
tors are made at the insertion side of the core. 

The plurality of differently shaped hairpin conductors 
comprise (i) a plurality of standard hairpin conductors that 
form the main portion of the phase windings, (11) a plurality of 
short pitch hairpin conductors, (111) a plurality of hairpin 
conductors configured to connect phase windings of the same 
phase in series; (ii) a plurality of hairpin conductors config- 
ured to connect the first winding set and the second winding 
set; (111) a hairpin conductor configured to connect neutral 
connections between phase windings; and (iv) terminal con- 
nections for the phase windings. 
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The above described features and advantages, as well as 
others, will become more readily apparent to those of ordi- 
nary skill in the art by reference to the following detailed 
description and accompanying drawings. 


BRIEF DESCRIPTION OF THE DRAWINGS 


FIG. 1 shows a side view of an exemplary electric machine 
core with a winding arrangement provided thereon; 

FIG. 2 shows a top view ofthe exemplary electric machine 
core of FIG. 1 without the winding arrangement to show the 
slots of the core; 

FIG.3 shows an enlarged cross-sectional view ofone ofthe 
slots of the core of FIG. 2; 

FIG. 4 shows an exemplary hairpin conductor used in the 
winding arrangement of FIG. 1; 

FIGS. 5A-5F shows a various hairpin conductor types used 
in the exemplary winding arrangement of FIGS. 6A-6C; 

FIG. 6A shows the phase Å connections for an exemplary 
winding arrangement; 

FIG. 6B shows the phase B connections for the exemplary 
winding arrangement; 

FIG. 6C shows the phase C connections for the exemplary 
winding arrangement; 

FIG. 7 shows special connections made at an insertion side 
of the core in the exemplary winding arrangement of FIGS. 
6A-6C; 

FIG. 8A shows a perspective view ofa weld side ofthe core 
showing adjacent leg ends of the winding arrangement of 
FIGS. 6A-6C before they are connected; 

FIG. 8B shows a perspective view of the weld side of the 
core after the adjacent leg ends of FIG. 8A are welded 
together; and 

FIGS.9A-9D show the winding diagram for another exem- 
plary winding arrangement. 


DESCRIPTION 


FIG. 1 shows a side view of an exemplary electric machine 
core, such as a stator 10, which is configured to hold the 
winding arrangement disclosed herein. An armature winding 
arrangement 12 is provided on the stator 10. The stator 
includes a main body portion 14 with a plurality of slots 16 
(see FIG. 2) formed therein. A plurality of hairpin conductors 
18 are placed in slots of the stator 10 to form the armature 
winding arrangement 12. The hairpin conductors 18 define an 
insertion side 20 of the stator 10 from which the hairpins are 
inserted into the slots. Opposite the insertion side ofthe stator 
is a ^weld side” or “opposite side” 22 of the stator 10. 

FIG. 2 shows a top view of the insertion side 20 of the 
exemplary electric machine core 10 of FIG. 1 without the 
armature windings 18 placed in the stator slots 16. As shown 
in FIG. 2, the stator is generally disc shaped with an inner 
circumferential perimeter 24 and an outer circumferential 
perimeter 26. The exemplary stator 10 of FIG. 2 includes sixty 
slots 16. Openings to the stator slots are provided through the 
inner perimeter 24 as well as the insertion side 20 and weld 
side 22 of the stator. 

FIG.3 shows an enlarged cross-sectional view ofone ofthe 
slots 16 ofthe stator 10 with the hairpin conductors 18 placed 
in the stator. As shown in FIG. 3, each slot includes two 
winding sets, including a first winding set 28 and a second 
winding set 30. The first winding set 28 includes two conduc- 
tors of one phase (e.g., phase Å in FIG. 3) and the second 
winding 30 set includes two conductors of another phase 
(e.g., phase B in FIG. 3). Similarly, each of the other slots in 
the exemplary embodiment also comprise two conductors of 
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one phase and two conductors of another phase. In other 
embodiments, itis also possible that each ofthe slots contains 
all four conductors in the same phase. The exemplary winding 
arrangement disclosed herein is a three phase winding 
arrangement, including phases А, B, and C. However, it will 
be recognized that principles disclosed herein may also be 
applied to other multi-phase arrangements. 

With continued reference to FIG. 3, segmented bar-shaped 
hairpin conductors 18 of rectangular cross-section are used to 
form the armature windings. The rectangular conductors 18 
are arranged in four layers, layer one 31 positioned closest to 
the inner perimeter 24 ofthe stator, and followed by layer two 
32, layer three 33, and layer four 34 positioned closest to the 
outer perimeter 26 of the stator. Layers one 31 and two 32 
form the first winding set 28 and layers three 33 and four 34 
form the second winding set 30. Rectangular conductors 18 
arranged in this manner are useful in order to incorporate the 
advantages of semi-closed or fully-closed armature slots with 
a high slot fill ratio. The applications of multi-set segmented 
bar shape hairpin windings can further reduce AC resistance, 
as described in U.S. patent application Ser. No. 11/187,138, 
the contents of which are incorporated herein by reference in 
its entirety. 

An exemplary U-shaped hairpin conductor 38 of rectangu- 
lar cross-section is shown in FIG. 4. The hairpin conductor 38 
includes two legs 41 and 42 separated by a U-shaped turn 
portion 40. Each leg 41, 42 includes an associated leg end 43, 
44. The direction of the conductor 38 changes at the U-turn 
portion 40 such that the electrical path provided by the con- 
ductor makes a *U-turn” or a substantially 180? turn at the 
U-turn portion 40. 

The hairpin 38 of FIG. 4 formed from a straight conductor 
segment with a rectangular cross-section. However, before 
the hairpin 38 is inserted into the stator, a machine bends the 
hairpin to create the U-turn portion 40 with two substantially 
straight legs 41, 42. After the U-turn portion 40 is created, the 
hairpin 38 is inserted into the stator, legs first, from the inser- 
tion side 20. The legs 41, 42 are inserted into different slots 
(and in different layers), as noted in FIG. 4 by the designation 
Y,, showing that the distance between the legs is equal to a 
distance that traverses a given number of slots. The legs 41, 42 
are made to pass through the stator slots and extend out the 
opposite side 22 ofthe stator. After being inserted in the stator, 
the leg ends 43, 44 are bent by a machine in opposite direc- 
tions by a predetermined distance, thus moving the leg ends 
43 ofthe conductor another predetermined number of slots. In 
FIG. 4 this distance is indicated as k, У, slots and k,Y, slots. 
Once the conductor 38 is situated in the stator, the U-turn 
portion 40 will extend a distance І, from the insertion side 24 
ofthe stator and the leg ends 43, 44 will extend a distance Op 
from the opposite side 26 of the stator. 

FIGS. 5A-5F show differently shaped hairpin conductors 
that may be used to create an exemplary embodiment of the 
armature windings which are disclosed in FIGS. 6A-6C, 
described below. The winding arrangement is provided on a 
sixty slot stator. The winding arrangement is a three phase 
winding with four layers of conductors in each slot and two 
different sets of windings provided in the winding slots (see, 
e.g., FIG. 3). As will be explained in further detail below, the 
winding arrangement provides for all leg ends to be bent an 
equal number of slots and connected to adjacent leg ends on 
the weld side 18 of the stator without the need for additional 
jumpers or other connections on the weld side or connection 
side of the stator. Instead, the winding arrangement uses a 
plurality of differently shaped hairpin conductors to make 
winding connections (e.g., phase-to-phase connections, and 
set-to-set connections on the insertion side of the stator). In 
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particular, the winding arrangement of FIGS. 6A-6C calls for 
eight differently shaped hairpin conductors. Each of these 
eight conductors is described in the paragraphs below. 

A first ofthe eight hairpin conductors is shown in FIG. 5A. 
This first hairpin conductor 50 is the most common conductor 
used for the first winding set 28. This hairpin 50 is the same 
general shape as the exemplary conductor of FIG. 4. How- 
ever, in the particular embodiment of FIG. 5A, the U-turn 
portion 40 spans six slots of the first winding set (Y, =6), and 
each leg bend portion spans 3 slots of the first winding set 
(Y.=6; k,-k,-!5). In the winding arrangement of FIGS. 
6A-6C, sixteen of the conductors shown in FIG. 5A are 
required per phase, for a total of 48 conductors (16/phasex3 
phases-48). 

FIG. 5B shows a second hairpin conductor 52 used for the 
first winding set 28. This hairpin is the same as the hairpin of 
FIG. 5A except that the U-turn portion 40 only spans five slots 
ofthe first winding set 28, making this conductor 52 the short 
pitch conductor for the winding set. In the winding arrange- 
ment of FIGS. 6A-6C, two of these conductors 52 are 
required per phase, for a total of six conductors (2/phasex3 
phases-6). 

FIG. 5C shows a third hairpin conductor 54 used for the 
winding arrangement of FIGS. 6A-6C. This hairpin conduc- 
tor 54 includes two legs 61, 62 with a U-turn portion 65 
positioned between the legs 61, 62. The U-turn portion 65 
spans six slots of the first layer of the first winding set. The 
U-turn portion 65 also includes a three slot shift as indicated 
by bend portion 66. Different from the exemplary hairpin 
conductor 38 of FIG. 4, the leg ends 63, 64 are bent in the 
same direction. Each bend in the leg ends 63, 64 spans three 
slots. The third hairpin conductors 65 are used to connect each 
of the phase windings in series. A total of three of these 
conductors 54 are needed for the winding arrangement of 
FIGS. 6A-6C, one per phase. 

The fourth hairpin conductor type required for the winding 
arrangement of FIGS. 6A-6C is identical to the first hairpin 
conductor 50 shown in FIG. 5A, but is slightly larger in size 
since it is used in the second winding set 30 instead of the first 
winding set. In particular, the first winding set extends along 
the inner perimeter of the stator while the second winding set 
extends closer to the outer perimeter of the stator. Thus, the 
distance between slots is slightly greater in the second wind- 
ing set than the first winding set. Accordingly, the six-slot 
span of the U-turn portion of the fourth hairpin conductor is 
slightly larger than the six-slot span of the U-turn portion of 
the first hairpin conductor. The fourth hairpin conductor is the 
most common conductor used in the second winding set. In 
the winding arrangement of FIGS. 6A-6C, sixteen of the 
fourth conductor types are required per phase, for a total of 48 
conductors (16/phasex3 phases=48). 

The fifth hairpin conductor type required for the winding 
arrangement of FIGS. 6A-6C is identical to the second hair- 
pin conductor 52 shown in FIG. 5A, but is slightly larger in 
size since it is used in the second winding set 30 instead ofthe 
first winding set 28. Accordingly, as discussed above with the 
first and the fourth conductor types, the five-slot span of the 
U-turn portion of the fifth hairpin conductor is slightly larger 
than the five-slot span of the U-turn portion of the second 
hairpin conductor. In the winding arrangement of FIGS. 
6A-6C, two of the fifth type of conductors are required per 
phase, for a total of six conductors (2/phasex3phases=6). 

A sixth hairpin conductor 56 required for the winding 
arrangement of FIGS. 6A-6C is shown in FIG. 5D. This sixth 
hairpin conductor 56 is similar to the first hairpin conductor 
50 shown in FIG. 5A, but is slightly larger in size since it is 
used to extend between winding sets 28, 30 (i.e., it extends six 
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slots between the second layer 32 and the third layer 33), and 
provides set-to-set connections between windings in each 
phase. In addition, the U-turn portion 40 of the sixth hairpin 
conductor type 56 is bent in an opposite direction from the 
first hairpin conductor type 50. Two of the sixth hairpin con- 
ductor types 56 are required per phase in the winding arrange- 
ment of FIGS. 6A-6C. 

A seventh hairpin conductor type required for the winding 
arrangement of FIGS. 6A-6C is shown in FIG. 5E. This 
seventh hairpin conductor 58 is a “W” shaped conductor, 
including a first leg 71, a second leg 72 and a third leg 73. A 
first turn portion 74 is provided between the first leg 71 and 
the second leg 72, and a second turn portion is provided 
between the second leg 72 and the third leg 73. Both of the 
turn portions 74, 75 extend for eight slots of layer four 34 of 
the winding arrangement. Similar to all the other leg ends in 
the winding arrangement, each of the leg ends of the seventh 
conductor type 58 is bent three slots. Because each leg 71, 72, 
73 will lie in the same layer of the winding arrangement, the 
legs are each bent in the same direction. This seventh hairpin 
conductor type is used as the neutral connection for the wind- 
ing arrangement, and only one such seventh conductor 58 is 
required for the winding arrangement of FIGS. 6A-6C. 

Aneighth type of hairpin conductor 60 is shown in FIG. 5F. 
This eighth type of hairpin conductor 60 is actually three 
single leg conductors 81, 82, 83. These three legs provide the 
terminal ends for each winding phase (A, B, C) on the inser- 
tion side of the stator for the winding arrangement of FIGS. 
6A-6C. Again, similar to all the other leg ends on the weld 
side of the winding arrangement, each of the leg ends of the 
eighth conductor type 60 is bent three slots. Because each leg 
81, 82, 83 lie in the same layer of the winding arrangement 
(і.е., layer 4), the legs are each bent in the same direction. 

With reference now to FIGS. 6A-6C, a winding diagram is 
provided showing an exemplary winding arrangement for a 
sixty slot stator. FIG. 6A shows the phase A windings, FIG. 
6B shows the phase B windings, and FIG. 6C shows the phase 
C windings. As can be seen from viewing FIGS. 6A-6C, all 
special winding connections are provided on the insertion 
side of the stator via the special hairpins. Specifically, the 
following special winding connections are provided via the 
special hairpins: (1) the connections required to connect each 
of the phase windings in series (1.е., connections between 
phase paths); (11) the connections required to connect winding 
sets (1.e., the connection between layer two 32 and layer three 
33); (iii) the neutral connections between different phase 
windings; and (iv) the terminal connections for each phase 
winding. Each of these special winding connections is 
accomplished using a special type of hairpin conductor. Use 
of these special hairpin conductors facilitates a winding 
arrangement where all of the different types of hairpin con- 
ductors are inserted into the slots of the stator, all of the legs 
are bent the same number of slots (in alternating directions in 
successive layers) on the weld end of the stator, and each leg 
end is then connected to an immediately adjacent leg end to 
complete the winding arrangement (i.e., adjacent leg ends in 
layers 1 and 2 are connected in the radial direction and adja- 
cent leg ends in layers 3 and 4 are connected in the radial 
direction). 

FIG. 7 shows a view ofthe special connections referenced 
in the preceding paragraph as made at the insertion side ofthe 
stator. The first type of special connection is a connection 
required to connect same phase winding paths in series. These 
special connections are made with the third type of hairpin 
conductor 54, described above with reference to FIG. 5C. In 
FIG. 6A, the thick dash lines in layer 1, slots 8 and 14, 
represents two legs of the special hairpin, which connect the 
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wave winding into one parallel path. This is also shown in 
FIG. 7, where two legs ofthe hairpin are located at layer 1 of 
slots 8 and 14, respectively. The partial windings in the same 
phase can also be connected into parallel paths although this 
example shows only one parallel path. Similarly, the special 
hairpins for connecting the same phase winding paths for 
phase B and phase C are shown in FIGS. 6B and 6C, as well 
as FIG. 7. 

The second type of special connection is a connection 
required to connect the two winding sets 28 and 30 (1.e., а 
connection between layer two 32 and layer three 33). These 
special connections are made with the sixth type of hairpin 
conductor 56, described above with reference to FIG. 5D. The 
number of special hairpins required for connections between 
adjacent winding sets is equal to 2x(n-1) connections per 
phase, where n is the number of winding sets. For example, 
for two sets of hairpin windings (n=2), the connections in 
Phase A between winding sets are 2x(2-1)-2. Thus, two 
special hairpins are required to connect two winding sets. As 
shown in FIG. 6A and FIG. 7, a first special hairpin consists 
of the leg in layer 2 of slot 15 and the leg in layer 3 of slot 9 
while the second special hairpin consists of the leg in layer 2 
of slot 21 and the leg in layer 3 of slot 15. These hairpin 
conductors provide connections between winding sets of 
phase A and are shown with thick lines. The special hairpins 
for connecting winding sets of phase B are shown in FIGS. 6B 
and 7. The special hairpins for connecting winding sets of 
phase C are shown in FIGS. 6C and 7. For the two sets of 
hairpin windings, there are a total of six special hairpins are 
required to connect winding sets. 

The third type of special connection is the neutral connec- 
tion between different phase windings. This special connec- 
tion is made with the seventh type of hairpin conductor 58 
described above with reference to FIG. 5E. The neutral con- 
nection may be provided such that the windings are connected 
into either star-connection or delta-connection for multi- 
phase machines. For example, if the windings are connected 
into Y-connection in the three phase machine in FIG. 7, the 
neutral point can be formed by one hairpin and a half turn 
wire. SA2 and SB2 become one hairpin whose two legs are in 
layer 4 of slots 16 and 38, respectively, and SC2 is the half 
turn wire in layer 4 of slot 24. 

The fourth type of special connection is the terminal con- 
nection for each phase winding. This special connection is 
made with the eighth type of hairpin conductor 60 described 
above with reference to FIG. 5F. 

As shown in FIG. 7, each of the four types of special 
connections is provided at the insertion side 20 of the stator 
using hairpin conductors 54, 56, 58, and 60. With the special 
connections made at the insertion side 20 of the stator, less 
crowding occurs at the opposite side 22 of the stator. In 
particular, the opposite side 22 of the stator simply includes a 
plurality ofleg ends that are bent the same number of slots, in 
opposite directions in successive layers (i.e., layer one 31 and 
layer three 32 bent the same direction and layer two 32 and 
layer four 34 bent the opposite direction). Immediately adja- 
cent leg ends (1.e., leg ends that are not separated by other leg 
ends) are then connected in the radial direction, with the leg 
ends from layer one 31 and layer two 32 welded together, and 
the leg ends from layer three 33 and layer four 34 welded 
together. 

FIG. 8A shows the plurality of conductor 18 legs at the 
weld end 22 of the stator. The legs have been bent into posi- 
tion such that four leg ends are aligned in a radial direction in 
each of sixty rows (sixty rows resulting from sixty slots). 
Advantageously, each leg end has been bent by the same 
number of slots, making the bending process easier, and pro- 
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viding less crowding at the weld end. Following the bending, 
each leg end from layer one 31 is positioned adjacent to a leg 
end from layer two 32. Each leg end from layer three 33 is 
positioned adjacent to a leg end from layer four 34. 

FIG. 8B shows the adjacent leg ends connected together 
following a weld process. Advantageously, the weld process 
only involves connecting adjacent leg ends, as all special 
connections are provided at the insertion end 20 of the stator 
10 using the different hairpin conductor types described 
above. The simple weld process with no additional connec- 
tors at the weld end 22 results in a reliable weld process that 
properly makes the necessary connections to complete the 
winding arrangement. 

FIGS. 9A-9D describe an alternative embodiment of an 
armature winding arrangement for a fifty-four slot stator 
using a plurality of different hairpin conductors. Similar to 
the embodiment disclosed above, the special connections are 
made in this winding arrangement using the different hairpin 
conductors, and no special connections are required at the 
weld end of the stator. The embodiment of the winding 
arrangement shown in FIGS. 9A-9D is but one example of an 
alternative embodiment of a winding arrangement, and those 
of skill in the art will recognize that numerous other winding 
arrangements are possible using the principles disclosed 
herein. 

Based on the exemplary winding arrangements disclosed 
above with in FIGS. 5 and 6, a method of manufacturing a 
winding is provided. According to this method, the hairpin 
conductor segments of FIG. 5 are collected and inserted into 
the slots of the stator. The leg ends of the conductors are 
inserted into the insertion end of the stator and the leg ends 
pass through the stator to the weld end of the stator. At this 
point, a plurality of U-turn portions remain on the insertion 
end along with the bend portion of the “У” shaped neutral 
connector and the winding ends to be connected to the termi- 
nals. 

After inserting the hairpin conductors into the slots, the 
legs ofthe hairpin-like conductors are bent to proper positions 
attheend ofarmature. Advantageously, because ofthe special 
connection hairpins described above, the leg ends are all bent 
a uniform number of slots (albeit in different direction for 
different layers) and are properly aligned to provide adjacent 
leg ends in sixty different radial rows. Next, the adjacent leg 
ends are welded, as shown in FIG. 8B, to form the multi- 
phase, multi-set windings. As described above, the connec- 
tions between winding sets are made with special hairpins, 
and no additional jumpers are required. For example, the 
connection between layer 2 and layer 3 of the winding sets is 
made with a U-turn of certain hairpin conductors on the 
insertion side of the stator. The two legs of these special 
hairpins are located at different winding sets to be connected 
(i.e., layer 2 for set 1 and layer 3 for set 2). Thus, the joint 
points from these special hairpins merely connect to other 
hairpins in the standard fashion and will not create additional 
crowding among welding points. There is also no need for 
connection wires between phase paths since other special 
hairpins provide this connection, as described above. Simi- 
larly, as described above, the neutral connections and the 
terminals are provided at the hairpin insertion end of the 
stator. Accordingly, the end-turn lengths of all hairpins at the 
weld end (opposite the insertion end) of lamination stack of 
the core are all the same, and the clearances between all 
hairpin leg ends are equal. Therefore, the hairpin welding 
process may be easily and automatically accomplished by 
machine. Because the connections between hairpins are less 
crowded, welding quality 1s improved, and the potential of 
short circuits is reduced. 
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Although the present invention has been described with 
respect to certain preferred embodiments, it will be appreci- 
ated by those of skill in the art that other implementations and 
adaptations are possible. Moreover, there are advantages to 
individual advancements described herein that may be 
obtained without incorporating other aspects described 
above. Therefore, the spirit and scope ofthe appended claims 
should not be limited to the description of the preferred 
embodiments contained herein. 

What is claimed is: 

1. An electric machine comprising: 

acore comprising a plurality of slots, the core including an 
insertion side and an opposing side; 

a winding arrangement provided in the plurality of slots of 
the core, the winding arrangement comprised of a plu- 
rality of differently shaped hairpin conductors, each of 
the plurality of differently shaped hairpin conductors 
including at least one leg inserted into one of the plural- 
ity of slots with a leg end ofthe at least one leg extending 
from the opposing side of the core; 

wherein the plurality of differently shaped hairpin conduc- 
tors form at least two winding sets, including a first 
winding set and a second winding set, the first winding 
set provided in a first conductor layer and a second 
conductor layer in the plurality of slots and the second 
winding set provided in a third conductor layer and a 
fourth conductor layer in the plurality of slots; and 

wherein all the leg ends extending from the opposing side 
of the core for the winding arrangement are bent the 
same number of slots and connected to immediately 
adjacent leg ends at the opposing side of the core; and 

wherein the connections between the differently shaped 
hairpin conductors are all provided at the opposing side 
ofthe core. 

2. The electric machine of claim 1 wherein all of the plu- 
rality of differently shaped hairpin conductors, with the 
exception of hairpin conductors that provide terminal con- 
nections, include U-turn portions provided at the insertion 
side of the core and no connections between any hairpin 
conductors are made at the insertion side of the core. 

3. The electric machine of claim 2 wherein all of the plu- 
rality of differently shaped hairpin conductors, with the 
exception of hairpin conductors that provide terminal con- 
nections, include at least two legs and a U-turn portion pro- 
vided between at least two legs. 

4. The electric machine ofclaim 1 whereinthe first winding 
set and the second winding set are both multi-phase winding 
sets. 

5. The electric machine of claim 1 wherein the plurality of 
differently shaped hairpin conductors that form the first set 
are mostly comprised of a first standard hairpin conductor 
having a U-turn portion spanning a predetermined number of 
slots in the first set, and wherein the plurality of differently 
shaped hairpin conductors that form the second set are mostly 
comprised of a second standard hairpin conductor having a 
U-turn portion spanning the predetermined number of slots in 
the second set. 

6. The electric machine of claim 5 wherein the plurality of 
differently shaped hairpin conductors further comprise a plu- 
rality of hairpin conductors configured to connect phase 
windings of the same phase in series. 

7. The electric machine of claim 5 wherein the plurality of 
differently shaped hairpin conductors further comprise a plu- 
rality of hairpin conductors configured to connect the first 
winding set and the second winding set. 

8. The electric machine of claim 7 wherein each of the 
plurality of hairpin conductors configured to connect the first 
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winding set and the second winding set each include a U-turn 
portion at the insertion side of the core that extends between 
a leg in the second conductor layer and a leg in the third 
conductor layer. 

9. The electric machine of claim 6 wherein the plurality of 
differently shaped hairpin conductors further comprise a hair- 
pin conductor configured to connect neutral connections 
between phase windings. 

10. The electric machine of claim 6 wherein the plurality of 
differently shaped hairpin conductors further comprise termi- 
nal connections for the phase windings. 

11. A winding arrangement provided on an electric 
machine core including a plurality of slots, an insertion side 
and an opposite side, the winding arrangement comprising: 

a plurality of conductor segments positioned in the slots, 

each of the plurality of conductor segments bent into one 
of several shapes, the plurality of conductor segments 
connected together to form at least two winding sets, 
including a first winding set and a second winding set, 
wherein the first winding set and the second winding set 
are both multi-phase windings, each of the plurality of 
conductor segments comprising at least one leg end 
extending from the opposite side of the core and bent a 
predetermined number of slots, each leg end connected 
to an immediately adjacent leg end on the opposite side 
of the core; 

wherein the plurality of conductor segments include at 

least one first conductor segment including two legs and 
a U-turn portion, the first conductor segment configured 
to connect same phase windings of the multi-phase 
windings in series; and 

wherein the plurality of conductor segments include at 

least one second conductor segment including two legs 
and a U-turn portion, the second conductor segment 
configured to connect the first winding set and the sec- 
ond winding set. 

12. The winding arrangement of claim 11 wherein none of 
the plurality of conductor segments are connected to another 
conductor segment at the insertion side of the core. 

13. The winding arrangement of claim 11 wherein the legs 
extending from the opposite side of the core are arranged in 
radial rows, and each leg end in a radial row is connected to an 
adjacent leg end in the same radial row. 

14. The winding arrangement of claim 11 wherein the first 
winding set is provided in a first conductor layer and a second 
conductor layer in the slots, the first winding layer adjacent to 
the second winding layer, and wherein the second winding set 
is provided in a third conductor layer and a fourth conductor 
layer in the slots, the third winding layer adjacentto the fourth 
winding layer. 

15. The winding arrangement of claim 14 wherein the 
U-turn portion of the at least one second conductor segment 
extends between the second conductor layer and the third 
conductor layer on the insertion side ofthe core. 

16. The winding arrangement of claim 11 wherein the 
plurality of conductor segments further include a third con- 
ductor segment configured to provide a neutral connection 
between the multi-phase windings, the third conductor com- 
prising a first leg, a second leg and a third leg, and a first turn 
provided between the first leg and the second leg and a second 
turn provided between the second leg and the third leg, 
wherein the first turn and second turn of the third conductor 
segment extend from the insertion end and the first leg, the 
second leg and the third leg of the third conductor segment 
extending from the opposite end of the core. 

17. The winding arrangement of claim 11 wherein the 
plurality of conductor segments further include a first termi- 
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nal conductor segment, a second terminal conductor segment, 
and a third terminal conductor segment, each of the first, 
second and third terminal conductor segments comprising a 
leg with a first end extending from the insertion end of the 
core and a second end extending from the opposite end ofthe 
core, wherein the first terminal conductor segment is con- 
nected to a first winding phase, the second terminal conductor 
segment is connected to a second winding phase, and the third 
terminal conductor segment is connected to a third winding 
phase. 


18. An electric machine comprising: 


acore comprising a plurality of slots, the core including an 
insertion side and an opposing side; 


a winding arrangement provided in the plurality of slots of 
the core, the winding arrangement comprising a plural- 
ity of differently shaped U-turn conductor segments 
configured to provide at least two three-phase winding 
sets, each of the plurality of differently shaped U-turn 
conductor segments including at least one U-turn por- 
tion extending between at least two slots on the insertion 
side of the core and at least two leg ends, each leg end 
extending from one ofthe at least two slots on the oppos- 
ing side of the core; and 
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wherein all the leg ends extending from the opposing side 
of the core are bent the same number of slots and are 
connected to immediately adjacent leg ends on the 
opposing side of the core. 

19. The electric machine of claim 18 wherein the winding 
arrangement consists of the plurality of differently shaped 
U-turn conductor segments and three single leg conductors, 
each ofthe single leg conductor positioned in one ofthe slots 
of the core and including a terminal end extending from the 
insertion side ofthe core and a leg end from the opposing side 
of the core, wherein the leg end of each single leg conductor 
is bent the same number of slots as the leg ends of the plurality 
of differently shaped U-turn conductor segments, and 
wherein the terminal end of each single leg conductor pro- 
vides a terminal for one of the three winding phases. 

20. The electric machine of claim 19 wherein one of the 
plurality of differently shaped U-turn conductor segments is a 
W-shaped conductor segment, the W-shaped conductor seg- 
ment including a first U-turn portion connecting a first leg end 
and a second leg end and a second U-turn portion connecting 
the second leg end and a third leg end, wherein the W-shaped 
conductor segment provides a neutral connection between the 
three-phase winding sets. 
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